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The lipid class compositions of freshly isolated and
overnight maintained human sebaceous glands were
determined using high performance thin layer chroma-
tography and were found to be broadly similar. The
lipid classes identified in freshly isolated glands were
broadly similar to those generated from various radiola-
beled precursors in vitro, although lower amounts of
wax/sterol esters and cholesterol were observed in vitro.
We determined the glycogen content of sebaceous
glands and showed that during their incubation with
several radiolabeled substrates, with the exception of
[U-14C]glucose, significant glycogen breakdown
occurred, thus providing acetyl-CoA and NADPH that
could affect the pattern of lipids synthesized. We
examined glycogen-depleted glands and found that
Human sebum contains an unusual mixture of lipids.Its major lipid classes are triacylglycerides (TAG)(µ40–60%), wax esters (µ19–26%), and squalene(µ11–15%) (Kellum, 1967; Downing et al, 1969;Greene et al, 1970; Downing and Strauss, 1974;
Stewart et al, 1978). To partially account for this pattern of lipids,
Middleton et al (1988) suggested, based on the patterns of lipids
synthesized from different exogenous substrates in vitro, that intracellular
NADPH was a limiting and directing factor. Thus exogenous radiola-
beled glucose, a good source of NADPH, yielded a squalene/TAG
ratio of 0.5, whereas exogenous radiolabeled acetate, a poor source of
NADPH, yielded a squalene/TAG ratio of 2.0. TAG synthesis, unlike
squalene synthesis, is heavily NADPH dependent.
The synthesis of cholesterol from squalene is also NADPH depend-
ent, and we have observed that the high amount of squalene in sebum
would fit the suggestion that much of the pattern of lipogenesis in the
human sebaceous gland is NADPH directed (Ridden et al, 1990).
These earlier studies were incomplete, however, in that they did
not consider the possible role of endogenous glycogen as a lipogenic
substrate under the in vitro conditions they employed, and moreover
they ignored the possible directing role of glycerophosphate. In this
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their rates and pattern of lipogenesis resemble that
of nondepleted glands, except that the squalene/
triacylglycerides ratio for acetate and glutamine doubled
from 1.6:1 to 3.4:1 and from 0.7:1 to 1.4:1, respectively.
We have shown that exogenous glycerol reduces the
squalene/triacylglycerides ratio from acetate from 3.4:1
to 1.7:1, suggesting that glycogen-derived glycero-
phosphate is important in triacylglycerides synthesis
from acetate. Moreover, glands express a glycerokinase
activity that may fully account for the rate of triacylgly-
cerides synthesis seen in vitro. We conclude that
glycerophosphate generation may be as important as
NADPH generation in explaining the directing effects
of different substrates within the sebaceous gland. Key
words: glycerokinase/sebaceous lipid classes. J Invest Dermatol
111:199–205, 1998
study we now show that glycerophosphate is as important as NADPH
as a determinant of sebaceous lipogenesis. We have also examined the
role of glutamine as a lipogenic substrate, and we have extended our
analysis of the lipids contained by freshly isolated human sebaceous
glands and those synthesized in vitro by exogenous radiolabeled sub-
strates.
MATERIALS AND METHODS
Chemicals William’s E medium and trace elements mix were from Gibco
BRL (Paisley, Scotland, U.K.). Other tissue culture supplements, lipid standards,
and all other chemicals were from Sigma (Poole, Dorset, U.K.). Radiochemicals
were from Amersham International (Little Chalfont, Buckinghamshire, U.K.).
All tissue culture plastics were from Hawfell (Cambridge, U.K.). Solvents were
obtained from BDH (Poole, Dorset, U.K.) and polycarbonate filters were from
Millipore (Bedford, U.K.). NADH luciferase monitoring kit was purchased
from Labtech International (Uckfield, East Sussex, U.K.). Lipid storage vials,
10 3 10 cm high performance thin layer chromatography (HPTLC) precoated
silica gel plates, and 20 3 20 cm thin layer chromatography precoated silica
gel plates were purchased from E. Merck (Darmstadt, Germany).
Isolation and maintenance of human sebaceous glands Samples of
normal midline chest skin (5 mm 3 80 mm) were obtained from male patients
undergoing cardiothoracic surgery at Papworth Hospital (Papworth Everard,
Huntingdon, U.K.) and breast skin (5 cm 3 20 cm) from female patients
undergoing cosmetic breast surgery at BUPA Cambridge Lea Hospital and
Addenbrooke’s Hospital (Cambridge, U.K.). Both ethical committee permission
and patient consent had been granted for this technique. Sebaceous glands were
isolated by shearing as described by Kealey et al (1986) and were maintained
floating on polycarbonate filters (pore size 0.45 µm) in 5 ml of supplemented
William’s E medium at 37°C in a humidified atmosphere of 5% CO2/95% air
(Guy et al, 1996).
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[U-14C]acetate, [U-14C]glucose, [U-14C]lactate, [U-14C]glutamine,
and [U-14C]isoleucine incorporation Five sebaceous glands were incub-
ated in a 24 multiwell plate containing 300 µl of bicarbonate buffered saline
(Na1, 144 mM; K1, 5.9 mM; Mg21, 1.2 mM; Ca21, 1.25 mM; Cl–,
125 mM; SO4
2–, 1.2 mM; PO4
3, 1.2 mM; HCO3
–, 25 mM, prepared
freshly prior to experiments and equilibrated for 15 min at 37°C in an
atmosphere of 5% CO2/95% air) as described by Krebs and Henseleit
(1932), containing either 8 mM [U-14C]acetate, 4 mM [U-14C]glucose,
8 mM [U-14C]lactate, 8 mM [U-14C]glutamine, or 8 mM [U-14C]isoleucine
(specific activities 1.05 mCi per mmol), on a shaking unit at 37°C in a
humidified 5% CO2/95% air atmosphere. Control experiments showed that
incorporation of all [U-14C]substrates was linear over 6 h.
Lipid analysis Sebaceous lipids were extracted using the Folch–Lees extrac-
tion method (Folch et al, 1957) as modified by Ways and Hanahan (1964) and
described by Christie (1982). The lipid yields were determined gravimetrically.
Extracted lipids were stored prior to analysis at 10 mg per ml in chloroform/
methanol 2:1 (vol/vol) per ml under oxygen-free nitrogen at –20°C. The
radioactivity was determined using a Tricarb system 1500 β counter. Control
experiments showed that the recovery of exogenous [4–14C]cholesterol, [1–
14C]palmitate, and glycerol tri[1–14C]palmitate was 89.6 6 2.8% (n 5 5),
87.3 6 1.1% (n 5 5), and 87.4 6 3.8% (n 5 5), respectively (mean 6 SEM).
Chromatography was carried out on 10 3 10 cm HPTLC precoated silica
gel plates. Separation of polar and neutral lipid classes from a single sample was
achieved by multiple development. First the plate was developed half-way in
polar solvent using methyl acetate/isopropanol/chloroform/methanol/0.25%
KCl (aq) 25:25:25:10:9 (vol/vol) as described by Vitiello and Zanetta (1978).
The plate was then subsequently run three times in the following neutral
solvents: (i) toluene/diethyl ether/ethanol/acetic acid 60:40:1:0.23 (vol/vol),
(ii) hexane/diethyl ether 94:6 (vol/vol), and (iii) hexane alone (Henderson and
Tocher, 1992). The separated lipid classes were visualized by spraying the plate
with 3% cupric acetate in 8% orthophosphoric acid (Fewster et al, 1969)
followed by heating in an oven at 160°C for 20 min. The lipids were detected
as charred spots, each spot being characteristic of a different lipid (Fig 1, lanes
2–4). The lipid classes were quantitated by calibrated densitometry using a
Shimadzu CS-9000 Dual Wavelength Flying Spot Scanner (Fig 2).
This improved method has enabled us to analyze up to four samples, and
standards, on the one plate. Previously we could only analyze one sample per
plate, standards had to be run on a separate plate simultaneously. Quantitation
is also more accurate as the samples now run as bands rather than as circles.
Analysis of radiolabeled lipids The lipids were extracted as described above
and dissolved in 300 µl chloroform/methanol 2:1 (vol/vol), of which 30 µl
was used to determine the incorporation of radiolabeled substrates into total
lipid using scintillation counting. Using the remaining sample, the lipid classes
were then separated by chromatography using 20 3 20 cm thin layer
chromatography precoated silica gel plates as described above. The developed
and dried plate was then exposed for 72 h to an imaging plate and data were
analyzed by BAS 2000 computer software. A typical image can be seen in
Fig 1 (lane 1). To confirm the location of lipids, lipid classes were visualized
by staining with iodine.
Glycogen content Glycogen content was determined in freshly isolated and
overnight maintained sebaceous glands using the NADH luciferase linked assay
of Welch et al (1989). Standard curves were linear over the range 0–
100 pmol glucose.
Determination of glycerokinase activity and total protein content The
glycerokinase activity of sebaceous glands was determined using the radiochem-
ical enzymatic activity assay as described by Newsholme et al (1967) and
modified by Thenen and Mayer (1975) and Chakrabarty et al (1984). The assay
was performed on glands immediately frozen in liquid nitrogen. Twenty-five
glands were homogenised in 700 µl of cold 50 mM Tris/HCl, pH 7.4 using a
glass/glass homogeniser and the homogenate centrifuged at 4°C for 40 min at
105,000 3 g. The supernatant was assayed for glycerokinase activity by
incubating 100 µl with 50 µl reaction buffer [200 mM Tris/HCl, 50 mM
mercaptoethanol, 49 mM sodium fluoride, 10 mM MgCl2, 2 mM ethylenediam-
ine tetraacetic acid, 12 mM adenosine triphosphate, 10 mM creatine phosphate,
0.3 mg creatine kinase per ml, and 10 mM [U-14C]glycerol (specific activity
1.2 mCi per mmol), pH 7.5] for 3 h at 37°C and the reaction stopped by
adding 125 µl of absolute ethanol. After centrifugation for 10 min at 12,000 3
g at the end of the incubation period, an aliquot (20 µl) of the reaction mix
was spotted on the center of a 23 mm DEAE-cellulose ion-exchange paper,
previously washed with 5 M glycerol to reduce any nonspecific binding. The
filters were washed with 100 ml of distilled water and dried at 60°C in an
oven. The amount of radioactivity of the [U-14C]glycerophosphate bound to
the filter was then determined by liquid scintillation spectrometry. Controls
Figure 1. Phosphoimage and photograph of a typical thin layer
chromatography plate showing the separation of neutral and polar
sebaceous lipid classes. Glands were processed for thin layer chromatography
and densitometry, and radiolabeled lipid was analyzed as described in Materials
and Methods. Lane 1 shows a phosphoimage of a sample of total lipids isolated
from sebaceous glands incubated with [U-14C]glucose. Non-radiolabeled polar
lipid standards and neutral lipid standards, stained with cupric acetate, are
illustrated in lanes 2 and 3, respectively. Lane 4 shows the same sample as lane
1 but after charring with cupric acetate. To illustrate the differences between
the lipids present in glands and the radiolabeled lipid synthesized by glands, this
sebaceous lipid sample was labeled with [U-14C]glucose and run on a 20 3 20 cm
thin layer chromatography plate; however, data in Table I were generated
using lipids extracted from isolated sebaceous glands that were then run on
10 3 10 cm HPTLC plates and analyzed by densitometry. SQ, squalene; ES,
wax/sterol esters; FAME, fatty acid methyl esters; TAG, triacylglycerides; DAG,
diacylglycerides; FFA, free fatty acids; chol, cholesterol; MAG,
monoacylglycerides; SF, solvent front; PE, phosphatidylethanolamine; CA,
cardiolipin; PA, phosphatidic acid; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PS, phosphatidylserine; PC, phosphatidylcholine; LPC,
lysophosphatidylcholine.
performed on freshly frozen rat liver showed that the formation of [U-
14C]glycerophosphate, expressed as nmol per mg protein per min, was linear
over a time course of 30–180 min and was also linear up to 40 µg protein.
Routinely, 7–10 µg sebaceous protein were used in the assay. Protein contents
were determined by Coomassie Blue (Bradford, 1976).
RESULTS
The lipid class compositions of isolated glands show differences
from sebum Table I shows the lipid composition of freshly isolated
and overnight maintained male and female sebaceous glands. As
sebaceous lipids of freshly isolated glands were analyzed within an hour
of surgery, we propose that the lipid content determined approximates
to that in vivo very closely.
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Figure 2. Photograph of a typical trace of a densitometry chromatogram illustrating the quantitation of sebaceous lipid classes. Glands were processed
for densitometry as described in Materials and Methods. The densitometry trace shown represents a lipid sample obtained from freshly isolated sebaceous glands run
on a 10 3 10 cm HPTLC plate. For abbreviations see Fig 1.
Table I. Lipid content and lipid class composition of
overnight maintained male and female human sebaceous
glands appears to influence lipid composition to a small
degreea
Freshly isolatedb Overnight maintainedc
Male Female Male Female
Lipid class composition (% total lipid)
Squalene 27.8 6 2.1 29.5 6 2.1 22.8 6 2.9 21.1 6 3.6
Wax esters/sterol esters 19.0 6 1.3 20.8 6 0.7 25.8 6 2.4d 25.9 6 2.0d
Triacylglycerides 29.2 6 4.7 24.9 6 2.8 25.9 6 1.7 32.2 6 1.7
Diacylglycerides 0.8 6 0.5 1.3 6 0.6 0.7 6 0.2 0.5 6 0.2
Free fatty acids 0.1 6 0.1 0.3 6 0.3 1.0 6 0.4 0.9 6 0.3
Cholesterol 10.5 6 0.6 9.9 6 0.3 11.4 6 0.7 8.0 6 0.5e
Monoacylglycerides 0.1 6 0.1 0.1 6 0.1 0.5 6 0.2 0.1 6 0.0
Unidentified 2.0 6 0.4 1.7 6 0.2 2.1 6 0.2 1.3 6 0.4
Phosphatidylethanolamine 3.9 6 0.5 4.1 6 0.6 2.5 6 0.6 3.4 6 0.4
Phosphatidic acid/cardiolipin 0.5 6 0.1 0.5 6 0.1 0.7 6 0.1 0.4 6 0.1
Phosphatidylinositol 0.9 6 0.2 1.0 6 0.1 0.7 6 0.1 0.7 6 0.1
Phosphatidylserine 0.4 6 0.1 0.4 6 0.1 0.3 6 0.1 0.3 6 0.1
Phosphatidylcholine 3.9 6 0.4 4.7 6 0.7 4.1 6 0.6 4.1 6 0.4
Sphingomyelin 0.9 6 0.2 0.9 6 0.2 1.5 6 0.3 1.0 6 0.2
Squalene/triacylglyceride 1.1 6 0.2 1.3 6 0.2 0.9 6 0.2 0.7 6 0.2
aLipids were extracted and separated as described in Materials and Methods. Values are
expressed as percentage of total lipid.
bGlands were freshly isolated as described in Materials and Methods and data are expressed
as mean 6 SEM obtained with glands from n 5 5 male subjects and n 5 5 female subjects,
20 glands per subject.
cGlands were isolated and maintained overnight as described in Materials and Methods
and data are expressed as mean 6 SEM obtained with glands from n 5 5 male subjects
and n 5 5 female subjects, 20 glands per subject.
dSignificant difference (p , 0.05) with regard to freshly isolated male glands. Statistical
analysis was performed using unpaired Student’s t test.
eSignificant difference (p , 0.01) with regard to freshly isolated male and female glands.
There is no gender difference in lipid content. Glandular lipid
resembles that of sebum except that it contains µ12% phospholipid
that is not seen in sebum in vivo (Downing and Strauss, 1974). This
can be attributed to the conversion of phospholipids into wax esters
by lipases released during holocrine secretion. Moreover, sebum in vivo
Figure 3. Freshly isolated sebaceous glands can be glycogen repleted
after isolation and glycogen depletion. Glands were isolated, maintained,
and their glycogen contents determined as described in Materials and Methods. For
depletion, glands were transferred after overnight maintenance to supplemented
William’s E medium without glucose containing 8 mM lactate and maintained
for 24 h. For repletion, depleted glands were maintained overnight on
supplemented William’s E medium containing 11.1 mM glucose. Experiments
were carried out for n 5 5 subjects, four glands per subject. Data points, mean;
scale bars, SEM; *p , 0.006 with regard to freshly isolated glands; **p , 0.001
with regard to freshly isolated glands and glycogen-depleted glands.
contains 16–33% free fatty acids, whereas we only report a glandular
lipid content of 0.1–1%. This enrichment of free fatty acids can be
accounted for by the actions of P. acnes and other microflora in vivo.
It has been calculated that sebum in vivo contains 29–46% TAG
(Downing and Strauss, 1974), which is higher than the 25–32% for
glandular lipid we report; and sebum in vivo contains 11–15% squalene
(Downing and Strauss, 1974), which is lower than the 21–30%
we report.
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Table II. Incorporation of [U-14C]substrates into total lipid and individual lipid classes of glycogen-depleted human sebaceous
glands: endogenous glycogen breakdown influences rates and pattern of lipids synthesizeda
Substrates [1(2)-14C]acetate [1(2)-14C]acetate [U-14C]glucose [U-14C]glutamine
1 1 mM glycerol
Incorporation of [U-14C]substrates 999 6 67 1084 6 157 1351 6 150 223 6 21
(pmol per mg per h)
Recovery of radioactivity in individual lipid classes (%)
Squalene 51.8 6 1.1c 36.9 6 3.5 19.0 6 2.8 25.6 6 3.1
Wax esters/sterol esters 5.5 6 0.6 6.8 6 0.5 8.5 6 0.6 4.3 6 0.9
Triacylglycerides 15.6 6 2.6b 25.2 6 4.1 43.2 6 2.5 20.7 6 3.6
Diacylglycerides 2.0 6 0.2 2.8 6 0.8 1.9 6 0.2 1.4 6 0.6
Free fatty acids 1.9 6 0.4 2.0 6 0.7 0.6 6 0.2 0.6 6 0.2
Cholesterol 7.8 6 1.6c 5.4 6 1.4 1.7 6 0.6 2.9 6 0.6
Monoacylglycerides 0.4 6 0.1 0.4 6 0.2 0.1 6 0.1 0.1 6 0.1
Solvent front 2.4 6 0.3 2.0 6 0.2 2.9 6 0.9 1.6 6 0.6
Unidentified 0.3 6 0.1 0.6 6 0.3 0.2 6 0.1 0.4 6 0.2
Phosphatidylethanolamine 2.1 6 0.3 2.6 6 0.3 4.2 6 0.5 3.1 6 0.7
Phosphatidylinositol 1.2 6 0.2 2.2 6 0.3 1.8 6 0.5 2.3 6 0.8
Phosphatidylserine 0.7 6 0.1 0.9 6 0.3 0.7 6 0.2 1.8 6 0.7
Phosphatidylcholine 6.4 6 0.7 9.4 6 1.1 12.5 6 1.0 12.5 6 0.8
Sphingomyelin 0.7 6 0.2 1.1 6 0.4 0.5 6 0.1 1.6 6 0.8
Lysophosphatidylcholine 0.3 6 0.1 0.5 6 0.3 0.3 6 0.1 14.9 6 3.7
Origin 1.0 6 0.1 1.2 6 0.5 1.8 6 0.7 6.1 6 0.8
Squalene/triacylglyceride 3.4 6 0.3c 1.7 6 0.3 0.5 6 0.1 1.4 6 0.3
aGlands were isolated and maintained overnight and then glycogen depleted over 24 h (depleted glands) and the rate of incorporation of radiolabeled substrate determined as described
in Materials and Methods. Values are expressed as percentage mean 6 SEM obtained with glands from n 5 5 subjects, five glands per subject.
bSignificant difference (p , 0.05) with regard to 8 mM [1(2)-14C]acetate 1 1 mM glycerol. Statistical analysis was performed using unpaired Student’s t test.
cSignificant difference (p , 0.005) with regard to 8 mM [1(2)-14C]acetate 1 1 mM glycerol.
Table III. Mixed substrate studies in the presence and absence of glycogen: the bulk substrate directs the pattern of lipogenesis,
which is also influenced by endogenous glycogen breakdowna
Substrates [1(2)-14C]acetate 1 4 mM glucose [1(2)-14C]acetate 1 8 mM glutamine
nondepletedb depleted nondepletedb depleted
Incorporation of [U-14C]substrates 22.8 6 0.9 25.9 6 3.1 22.1 6 1.6 25.8 6 1.9
(nmol per mg per h)
Recovery of radioactivity in individual lipid classes (%)
Squalene 27.6 6 1.9 20.6 6 1.3 30.2 6 5.2 43.3 6 4.7
Wax esters/sterol esters 6.4 6 0.7 8.7 6 0.6 6.3 6 0.7 6.6 6 0.9
Triacylglycerides 38.9 6 2.6 41.4 6 2.4 29.4 6 3.5 18.4 6 2.3c
Diacylglycerides 1.6 6 0.1 2.1 6 0.4 2.5 6 1.0 1.5 6 0.1
Free fatty acids 0.8 6 0.5 1.1 6 0.1 0.9 6 0.5 1.5 6 0.3
Cholesterol 2.5 6 1.1 4.2 6 1.0 3.8 6 1.1 7.6 6 1.3
Monoacylglycerides 0.3 6 0.3 0.2 6 0.1 0.7 6 0.6 0.3 6 0.1
Solvent front 2.5 6 1.0 2.2 6 0.2 3.5 6 1.7 2.1 6 0.2
Unidentified 0.3 6 0.1 0.3 6 0.1 0.5 6 0.1 0.3 6 0.1
Phosphatidylethanolamine 3.3 6 0.6 3.8 6 0.4 3.4 6 0.8 3.2 6 0.3
Phosphatidylinositol 1.9 6 0.5 2.4 6 0.2 1.8 6 0.5 1.6 6 0.1
Phosphatidylserine 0.2 6 0.1 0.4 6 0.1 0.4 6 0.1 0.5 6 0.1
Phosphatidylcholine 12.6 6 2.7 11.3 6 1.0 14.9 6 3.2 11.7 6 1.0
Sphingomyelin 0.7 6 0.1 0.8 6 0.1 1.2 6 0.2 1.0 6 0.1
Lysophosphatidylcholine 0.1 6 0.1 0.1 6 0.1 0.1 6 0 0.1 6 0.1
Origin 0.2 6 0.1 0.4 6 0.1 0.3 6 0 0.4 6 0.2
Squalene/triacylglyceride 0.7 6 0.1 0.5 6 0.1 1.1 6 0.3 2.7 6 0.6
aGlands were isolated and maintained overnight (nondepleted glands) or glands were isolated and maintained overnight and then glycogen depleted over 24 h (depleted glands) and the
rate of incorporation of radiolabeled substrate determined as described in Materials and Methods. Values are expressed as percentage mean 6 SEM obtained with glands from n 5 5 subjects,
five glands per subject.
bn 5 3 subjects, five glands per subject.
cSignificant difference (p , 0.05) with regard to [1(2)-14C]acetate 1 8 mM glutamine (nondepleted). Statistical analysis was performed using unpaired Student’s t test.
The lipid class composition of glands maintained overnight
show few differences from those freshly isolated We and others
routinely study glands after overnight maintenance (Middleton et al,
1988; Ridden et al, 1990). This is because the glandular rates of
lipogenesis in vitro are higher after overnight maintenance than in
freshly isolated glands, a phenomenon we attribute to recovery from
the trauma of isolation (Middleton et al, 1988; Ridden et al, 1990). It
was therefore important to determine the lipid contents of glands after
overnight maintenance to ensure that no artefacts had been introduced
by maintenance. Table I shows that the only statistical differences in
lipid contents between freshly isolated and overnight maintained glands
was the cholesterol content of female glands, which fell. The fall was,
however, small.
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Figure 4. Endogenous glycogen is utilized during 3 h incubation with
various substrates. Glands were isolated and maintained as described in
Materials and Methods. For the control, glands were assayed for glycogen content
after overnight maintenance. Using 4 mM glucose, 8 mM glutamine, 8 mM
lactate, 8 mM acetate, 8 mM isoleucine, or no substrate, glands were incubated
for 3 h and glycogen content was determined. Experiments were carried out
for n 5 10 subjects for the control, n 5 5 subjects for 4 mM glucose, 8 mM
glutamine, 8 mM lactate, and 8 mM acetate, n 5 4 subjects for 8 mM isoleucine
and no substrate, five glands per subject. Data points, mean; scale bars, SEM;
*p , 0.001 with regard to control.
There are differences between the lipid patterns seen in vivo and
those generated by exogenous radiolabeled fuels in vitro To
establish the rate and pattern of lipids synthesized in vitro by overnight
maintained sebaceous glands, we compared the rates of incorporation
of 8 mM [1(2)-14C]acetate, 4 mM [U-14C]glucose, 8 mM
[U-14C]lactate, 8 mM [U-14C]glutamine, and 8 mM [U-14C]isoleucine
into total lipid and various polar and neutral lipid classes (data not
shown). The lipids generated by the different radiolabeled precursors
were broadly similar to those identified in freshly isolated glands in vivo
(Table I), with the following exceptions: (i) in vivo, wax/sterol esters
accounted for 19–26% of total lipid and cholesterol for 8–11%, but all
five radiolabeled substrates generated only 5–8% wax/sterol esters and
1–3% cholesterol in vitro (p , 0.001); (ii) 8 mM [U-14C]glutamine and
8 mM [U-14C]isoleucine generated disproportionately high amounts
of lysophosphatidylcholine (20%) and phosphatidylcholine (42%),
respectively, compared with the proportions of those lipids identified
in vivo (4–5% and 1–2%, respectively).
The pattern of neutral lipids synthesized in vitro by overnight
maintained sebaceous glands from radiolabeled 8 mM acetate, 4 mM
glucose, 8 mM lactate, and 8 mM isoleucine was comparable with the
ones reported by Middleton et al (1988): 8 mM [1(2)-14C]acetate
provided approximately twice as much squalene, but only half as much
TAG, compared with 4 mM [U-14C]glucose, yielding a squalene/
TAG ratio of 1.6:1 for acetate and 0.5:1 for glucose. Further, 8 mM
[U-14C]lactate yielded a squalene/TAG ratio of 0.8:1 and 8 mM [U-
14C]isoleucine yielded a squalene/TAG ratio of 0.4:1 (data not shown).
We examined the efficacy of 8 mM [U-14C]glutamine as a lipogenic
substrate and we found that its rate of incorporation into total lipid
(135 6 16 pmol per mg gland wet wt per h) was an order of magnitude
lower than that for acetate (1243 6 85 pmol per mg gland wet wt per h).
The squalene/TAG ratio for glutamine (0.7:1) was similar to that
of glucose.
The absence of endogenous glycogen influences the rate and
patterns of lipids synthesized in vitro The squalene/TAG ratios
reported above may, however, be artefactual if glands contain mobiliz-
Figure 5. Sebaceous gland glycogen can be depleted to a basal level
after 24 h (a); however, rates of lipogenesis are maintained (b). Glands
were isolated and maintained as described in Materials and Methods. For time
point 0, glands were assayed for glycogen content after being maintained
overnight as described in Materials and Methods (a). For the remainder of the
time course glands were transferred to supplemented William’s E medium
without glucose containing 8 mM lactate, and glycogen content determined
over a time course of 1–24 h (a). Using 8 mM [1,(2)-14C]acetate, gland viability
at each time point was confirmed by incubating the glands for 3 h and
determining incorporation of radioactivity into total lipid (b). Experiments were
carried out for n 5 3 subjects and *n 5 6 subjects (mean 6 SEM), four
glands per subject for glycogen determination and five glands per subject for
incorporation into total lipid. Data points, mean; scale bars, SEM.
able glycogen. We therefore determined if glycogenolysis occurred
during incubations with the different fuels. Figure 3 shows that freshly
isolated sebaceous glands contain a significant glycogen content and
that, when they are incubated overnight in supplemented William’s E
medium, a significant glycogen repletion occurs. This can be attributed
to the recovery of the glands after the trauma of isolation. Figure 4
shows, however, that when glands are incubated in Krebs buffer
supplemented with several substrates, significant glycogen breakdown
occurred except when 4 mM [U-14C]glucose was the substrate. Such
endogenous glycogenolysis will therefore have diluted exogenous fuel-
derived isotopically labeled acetyl CoA and other metabolites, to have
yielded artefactual results.
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We have described a technique of glycogen depletion of human
eccrine sweat glands by maintaining them in glucose-free bicarbonate-
buffered medium supplemented with 1 mM pyruvate (Welch et al,
1989). In sweat glands, endogenous glycogenolysis is preferred to
exogenous pyruvate catabolism, but when glycogenolysis is exhausted
exogenous pyruvate will be catabolised to maintain cell viability. We
have adapted this technique to human sebaceous glands by maintaining
them in glucose-free Williams E medium supplemented with 8 mM
lactate and, as Fig 5(a) demonstrates, under these conditions levels of
glandular glycogen fall, to plateau by 12–16 h. Subsequent experiments
were carried out on 24 h depleted glands.
Figure 5(b) and Table II show that 24 h depleted glands retain full
viability as demonstrated by their rates of lipogenesis, and by the fact
that they can be glycogen repleted (Fig 3). The rates of 4 mM [U-
14C] glucose and 8 mM [U-14C] glutamine incorporation into lipid
are significantly higher in glycogen-depleted glands compared with
nondepleted glands (data not shown) (p , 0.05 and p , 0.01,
respectively), which may be attributable to less dilution of the [14C]
acetyl CoA pool by glycogenolysis. Otherwise, the rate and pattern of
lipogenesis of glycogen-depleted glands resembles that of nondepleted
glands (data not shown), except that the squalene/TAG ratio for acetate
and glutamine doubled to 3.4:1 (p , 0.001) and 1.4:1 (p , 0.05),
respectively.
To confirm the directing effect of different substrates on the squalene/
TAG ratio, mixed substrate studies were performed using 4 mM
glucose and 8 mM glutamine with [U-14C]acetate (specific activity
1.05 mCi per mmol) as the radiotracer (Table III) in the absence of
any nonradioactive carrier acetate. These yielded squalene/TAG ratios
of 0.7:1 and 1.1:1, respectively. In both substrate combinations the
lipid pattern obtained with the tracer [U-14C]acetate reflected that of
the cold carrier, showing that the composition of sebaceous lipid
depends on the source of acetyl-CoA. Further, in glycogen-depleted
glands, the squalene/TAG ratio doubled to 2.7:1 when 8 mM glutamine
with [U-14C]acetate as the radiotracer was used.
Human sebaceous glands can phosphorylate glycerol Table II
shows a marked fall in the squalene/TAG ratio generated from 8 mM
[U-14C]acetate in the presence of 1 mM glycerol, implying that
glycogen-derived glycerophosphate is important in TAG synthesis
from acetate.
Glandular glycerokinase activity can account for the rates of
TAG synthesis seen in vitro Glands expressed a glycerokinase
activity of 0.36 nmol per mg protein per min (n 5 5 patients, 25
glands per patient). This is 2.5 times greater than the rate of TAG
synthesis seen in vitro, suggesting that it may fully account for the rates
of TAG synthesis seen in vitro.
DISCUSSION
We have now confirmed the observations of Middleton et al (1988)
that acetate, as a substrate, directs lipogenesis towards squalene at the
expense of TAG. Glucose, glutamine, and isoleucine direct lipogenesis
more towards TAG, whereas lactate occupies an intermediate position.
By glycogen depleting the glands, we have magnified these interfuel
differences, thus showing that endogenous glycogenolysis had biased
the earlier data in a glycolytic fashion.
In their studies on substrate direction, Middleton et al (1988)
speculated that this could be attributed to competition between the
sterol and fatty acid synthetic pathways for NADPH, as TAG synthesis
requires four times more NADPH than sterol synthesis, yet acetate
metabolism, unlike that of glucose, does not generate NADPH.
The effects of exogenous glycerol reported here, however, and the
demonstration of glandular glycerokinase at a relevant activity, would
suggest that the hypothesis of NADPH competition may only account
for some of the substrate-directing differences. We would propose that
they could equally be explained by the potential of different fuels
to generate glycerophosphate, particularly as glutamine generated a
squalene/TAG ratio in glycogen-depleted glands of 1.4, intermediate
between those of acetate (3.4) and glucose (0.5), yet glutamine
metabolism may potentially generate NADPH at the levels of both
glutamate dehydrogenase and malic enzyme.
We had earlier suggested (Ridden et al, 1990) that the high
squalene content of sebum, relative to the cholesterol content, could
be attributed to substrate competition for NADPH, as the conversion
of squalene to cholesterol is NADPH dependent, but the observation
(Table II) that, in glycogen-depleted glands, acetate supports an
8-fold increase in cholesterol synthesis relative to the pattern seen
in glycogenolytic glands, would argue against that because, of course,
it is precisely during glycogenolysis that NADPH production might
be at its peak via the pentose phosphate pathway. Our data suggest,
therefore, that the low cholesterol/squalene ratio of sebum may be
attributed to a low activity of squalene epoxide or other downstream
enzymes of cholesterol synthesis rather than of NADPH activity.
In this paper we have presented a comprehensive analysis of
sebaceous neutral and polar lipids. The multiple solvent system used
enabled us to distinguish between 15 different sebaceous lipid classes,
including the major phospholipids, which is more than has been
previously reported for the sebaceous gland (Kellum, 1967; Stewart
et al, 1978; Middleton et al, 1988; Ridden et al, 1990; Guy et al,
1996). The combined method of HPTLC followed by densitometry
has been evaluated previously (Olsen and Henderson, 1989) and
presents a reliable method for routine analysis of lipid samples. The
data presented here for neutral lipids are broadly similar to those
reported in the literature (Kellum, 1967; Stewart et al, 1978), with
the exception of cholesterol. In our analysis we noted 10 times
more glandular cholesterol than has been reported previously (Stewart
et al, 1978). We cannot account for this discrepancy, which may
be site specific. Thus Stewart et al (1978), who examined the lipid
composition of CaCl2-extracted glands, studied scalp glands, whereas
ours were chest derived.
There were marked differences between the lipid composition
observed in freshly isolated glands and the pattern of lipids synthesized
in vitro: (i) a significant lower amount of wax/sterol esters and
cholesterol synthesized from all five radiolabeled substrates, and (ii)
extraordinary high amounts of phosphatidylcholine and lysophosphat-
idylcholine using glutamine and isoleucine as radiolabeled substrates.
We cannot at present account for these unexpected findings.
The squalene/TAG ratios of 1.1 and 1.3 observed in male and
female freshly isolated glands would apparently exclude glucose as the
sole fuel in vivo as 4 mM [U-14C]glucose only generated a squalene/
TAG ratio of 0.5. We must assume that other fuels such as glutamine,
lactate, other amino acids, and possibly lipids will also contribute to
glandular lipogenesis in vivo. Although preliminary experiments have
shown that human sebaceous glands engage in glutaminolysis, and also
that, in the absence of glutamine, rates of lipogenesis and DNA
synthesis are reduced,1 glutamine demonstrated poor lipogenic capacity.
This may suggest that, although glutamine may be important for
sebaceous cell proliferation, in contrast to the hair follicle (Williams
et al, 1993) the sebaceous gland does not utilize glutamine as an
important catabolic fuel.
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